We present a theory which allows us to calculate the effective charge and zeta potential of oil droplets in microemulsions containing Hofmeister salts. A modified Poisson-Boltzmann equation is used to account for the surface and ion polarizations and hydrophobic and dispersion interactions. The ions are classified as kosmotropes and chaotropes according to their Jones-Dole viscosity B coefficient. Kosmotropes stay hydrated and do not enter into the oil phase, while chaotropes can adsorb to the oil-water interface. The effective interaction potentials between ions and oil-water interface are parametrized so as to accurately account for the excess interfacial tension. Published by AIP Publishing. https://doi.
I. INTRODUCTION
The interfacial tension of water-oil interface in the presence of different salts follows the Hofmeister series, 1, 2 first observed in the context of protein solubility. 3 The same ionic series was found for micellization, 4,5 colloidal suspensions, [6] [7] [8] and bacterial growth. 9 The series were investigated by theoretical, simulational, and experimental methods. [10] [11] [12] [13] [14] [15] [16] [17] [18] Ionic specificity was first suggested to be due to dispersion interactions between ions and water; 10 this, however, was later shown not to be the case. [19] [20] [21] [22] [23] [24] [25] [26] Recently we developed a theory which allows us to calculate the excess surface tensions of electrolyte-air interface in very good agreement with the experimental data. 24, [26] [27] [28] In theory, the chaotropic anions are allowed to adsorb to the interface, while kosmotropic ions remain hydrated in the aqueous medium. The adsorption can be explained as a competition between electrostatic and hydrophobic interactions. 23, 24, 29 The theory was extended to electrolyte-oil interface with inclusion of dispersion forces. 2 Oil in water microemulsions (OWEs) are present in various biological, chemical, and industrial materials. Many of the culinary techniques rely on OWEs. Stability of OWEs depends on the environment and on the emulsion composition. Often charged surfactants are used to stabilize microemulsions to avoid coagulation. OWEs with positively charged oil droplets can be prepared using cationic surfactants. [30] [31] [32] Charged microemulsions have been considered for skin therapy because of their more effective penetration. 33 They have been used in asphalts 34 and drug delivery. 35 Recently, DNA-coated oil droplets have been a subject of intense research. 36, 37 Charged emulsions are strongly influenced by the released counterions and the type of added salt. In the a) Electronic mail: alexandre.pereira@ufrgs.br b) Electronic mail: levin@if.ufrgs.br present paper, we will combine the theory developed to calculate interfacial tension of electrolyte-oil interface with a modified Poisson-Boltzmann (PB) equation to obtain the effective charge and zeta potential of nanodroplets composed of oil and cationic surfactants. In Sec. II, we will present our model and the theory, followed by Secs. III and IV describing the results and conclusions.
II. MODEL AND THEORY
We are interested to calculate the electrostatic potential and the effective charge of nano-droplets of oil stabilized by cationic surfactants. To account for finite concentration of oil, we will use a Wigner-Seitz (WS) cell, the radius of which is adjusted to yield the appropriate volume fraction of oil in the emulsion, see Fig. 1 . A spherical oil droplet of radius a = 100 Å and charge Zq (produced by a cationic surfactant layer) is located at the center of a spherical WS cell of radius R, where q is the elementary charge. The volume fraction of oil is φ c = a 3 /R 3 . Z counterions from the dissociation of cationic surfactant and N s counterions and N s coions from dissociation of salt are also present inside the WS cell. We will treat all the counterions as the same specie independent of whether they are derived from surfactant or salt dissociation. The salt concentration is
.
The effective ionic radii of positive and negative ions are r + and r , respectively. The model used for ions is the same as in our earlier work, which allowed us to calculate surface and interfacial tensions of electrolyte solutions in a very good agreement with experiments. 24, [26] [27] [28] The chaotropic anions can loose their hydration sheath and adsorb to the oil-water interface so that the radii of chaotropic ions are very close to their crystallographic radii; on the other hand kosmotropic ions always remain hydrated so that their hydrated radii enter the theory. In the present work, the coion is Na + with hydrated radius r + = 2.5 Å. To solvate an ion in water requires creation of a cavity, formation of which perturbs the hydrogen bond network and costs hydrophobic free energy. If the ion partially escapes into the oil phase, the perturbation to the water structure diminishes. For strongly hydrated kosmotropic ions, the cavitational energy gain of moving an ion to the interface does not compensate the electrostatic self-energy cost of exposing ionic charge to the low dielectric oil environment. 23 On the other hand, for large, highly polarizable chaotropic ions, the cavitational gain in hydrophobic free energy and the electrostatic self-energy penalty of moving a chaotropic anion to the interface become comparable. 23 The electrostatic self-energy of a chaotropic anion of radius r and relative polarizability α at a distance z from the oil-water interface-the Gibbs dividing surface (GDS)-was calculated to be 23
where θ(z) = arccos[z/r ], g = (1 α)/α, and λ B = q 2 / w k B T is the Bjerrum length set to 7.2 Å, value for water at room temperature. The dielectric constants for water and oil are w and o , respectively, and x is the fraction of ionic charge that remains hydrated. As the ion penetrates into the oil phase, its electronic charge becomes polarized, shifting to remain hydrated. The fraction of ionic charge that remains hydrated can be obtained by minimizing Eq. (2), and we find
The cavitational energy gain of moving an ion to the interface is proportional to the volume exposed to oil, 23, 38 
where ν ≈ 0.3k B T /Å 3 is obtained from bulk simulations. 39 When ion penetrates into oil, there is also a lipophobic cavitational energy penalty which, however, is small and can be ignored. 2 The repulsive potential which models the interface polarization was calculated to be 24, 27 βU
where κ = 8πλ B ρ s is the inverse Debye length and W c is the work 40 needed to bring an ion from infinity to the contact distance z = r ± ,
where s = √ κ 2 + k 2 . Note that the first equation of expression (5) is valid for both chaotropic and kosmotropic ions; however, while chaotropes can cross GDS, the kosmotropes-because of their strong hydration-experience a hardcore-like repulsion from the interface and are restricted to distances z larger than their hydrated radius. 24, 27 For a water-oil interface, the dispersion interaction between ions, water, and oil must also be taken into account for chaotropic ions. The dispersion interaction potential was calculated to be 2
where A e = 4 k B T is the effective Hamaker constant. The ionic density profiles outside a charged oil droplet can be calculated using the modified Poisson-Boltzmann (PB) equation in spherical coordinates,
where φ(r) is the electrostatic potential and z = r a. The superscripts k and c denote kosmotropic and chaotropic anions, respectively. In Table I , we summarize the values of the ionic radii, polarizabilities, and ionic classification for ions studied in the present paper. The effective droplet charge is defined as the charge for which the analytical solution of the linearized PB equation matches exactly the asymptotic solution of the full non-linear PB equation, Eq. (8). It can be calculated in terms of ionic concentration at the WS cell boundary. [42] [43] [44] We find 
where
and ρ B ± are the ionic concentrations at the WS cell boundary. For separations larger than Debye length, the oil droplets will interact with each through the Derjaguin-Landau-Verwey-Overbeek (DLVO) potential with the bare droplet charge replaced by Z eff .
III. RESULTS
We start by calculating the effective droplet charge as a function of bare charge Z for four halide salts at various concentrations. The results are presented in Fig. 2 . The effective droplet charge follows the Hofmeister series. For sufficiently weakly charged droplets and salts with chaotropic anions (NaBr, NaI), the effective charge is reversed-the droplet becomes negative charged-reflecting a strong adsorption of chaotropic anions to the oil-water interface. We observe that effective charge saturates for large bare charge Z for all salts. In Fig. 3 , we present the saturated values of the effective charge for halide salts as a function of added salt concentration. In Fig. 4 , we show the effective charge of droplets as a function of added salt. For kosmotropic salts, the effective charge increases as a function of added salt, in the range of parameters considered in this study. This is a consequence of screening of Coulomb interaction which diminishes the counterion condensation that is responsible for charge renormalization. For salts with chaotropic anions, the behavior of the effective charge is more complex. For weakly charged droplets, the effective charge decreases with increasing salt concentration, while for highly charged droplets it increases, reaches a maximum, and then starts to decrease; see bottom panels in Fig. 4 . In this case, there is a strong competition between anion adsorption, produced by the hydrophobic and dispersion interactions, and the Debye screening which diminishes Coulomb attraction between counterions and cationic surfactants at the droplet surface. For iodide, we find that hydrophobic and dispersion interactions are so strong as to actually reverse the droplet charge at sufficiently large salt concentrations.
We next study the electrostatic surface potential which we will associate with the zeta potential measured in 
inside a microemulsion containing NaI, as a function of distance from the center of the droplet is shown in Fig. 5 . For large salt concentrations, ∆φ changes sign and exhibits a minimum at the GDS. We will, therefore, associate 45 the electrockinetic zeta potential with ζ = ∆φ(a). Zeta potentials for various bare charges are shown in Fig. 6 , as a function of added NaI concentration. Unfortunately experimental data for zeta potentials of charged oil droplets is very rare, available only for very low salt concentrations and does not explore the ionic specificity. [46] [47] [48] We predict that for sufficiently large chaotropic salt concentrations, zeta potential of cationic oil droplets will reverse sign, FIG. 7 . Zeta potential for NaF, NaCl, NaBr, and NaI represented by solid, dashed, dotted-dashed, and dotted-dotted-dashed lines, respectively. The droplet charge is Z = 500 and the concentration of added salt is 50 mM.
resulting in a reversal of electrophoretic mobility. Finally, in Fig. 7 , we show that zeta potential decreases when oil volume fraction in the microemulsion increases.
IV. CONCLUSIONS
We have studied the effective charge and zeta potential of oil in water microemulsions stabilized by cationic surfactants. The interaction of ions with the oil-water interface was treated using previously derived potentials which quantitatively account for Coulomb, dispersion, and hydrophobic interactions. We find that for a given salt concentration, the effective charge saturates as a function of bare droplet charge. For Hofmeister salts with chaotropic anions, the effective charge presents a maximum and then decrease with increasing salt concentration. This shows the importance of hydrophobic and dispersion interactions which drive chaotropic anions towards the oil-water interface. This behavior is very different from what is found for salts with kosmotropic anions for which there is a monotonic increase of the effective charge as more salt is added to emulsion. In this case, the augmentation of the effective charge is produced by the increase of the Debye screening, which diminishes the Coulomb attraction between oil droplets and kosmotropic counterions, lowering counterion condensation at higher salt concentrations. We have also calculated zeta potentials of oil droplets in microemulsions with Hofmeister salts. We find that the electrophoretic mobility of weakly charged cationic oil droplets can be reversed by addition of salts with chaotropic anions. Finally, we note that that pH is a very important parameter for stability of charged emulsions. In our calculations, the pH was kept fixed so that the bare charge includes binding of H + and OH -. In future work, we will extend the calculations to account for variability of pH. This, in principle, should be feasible using the recently developed model of hydronium adsorption, which has proven quite accurate for predicting surface tensions of acid solutions. 26, 49 
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